Time-dependent changes in the lumped and rate constants in a bilateral middle cerebral artery (MCA) occlusion in cats were evaluated. These variables were measured in 11 cats after a sham operation, in five after a I-h occlusion, in two after a 2-h occlusion, in five after a 4-h occlusion, and in four after a 16-h occlusion. The time course of the cerebral tissue radioactivity [Cf (t)] was monitored by external coincidence counting during a pro grammed infusion of [lsF]2-fluorodeoxyglucose (FDG).
tively, in the MCA occlusion group. Significant decrease in kt was observed after 1 h of occlusion (20% lower than in the sham operation, p < 0.05); in kj decrease occurred within 4 h of occlusion (21 % lower than in the sham oper ation, p < 0.05). However, decrease in k! was observed only after 16 h of occlusion (26% lower than in the sham operation, p < 0.05). Namely, decrease of rate constants occurred first in kt then in kj and k!. In contrast to the rate constants where decrease was observed, a signifi cant increase in the lumped constant occurred between 1 and 4 hours after occlusion (55% higher than in the I-h occlusion, p < 0.05). However, the values of the lumped constant were not significantly different between the 4-h occlusion group and the 16-h occlusion group. Key Words: Cerebral ischemia-External coincidence count -Fluorodeoxyglucose model-Lumped constant Rate constants. vich, 1979; Gjedde et aI., 1985) and the rate con stants (Hawkins et aI., 198 1; Heiss et aI., 1985) have been measured in cerebral ischemia. Ginsberg and Reivich (1979) reported increased values of LC, 2. 4 times the mean control value, in experi mental diffuse cerebral ischemia; Gjedde et al. (1985) reported that lumped constants varied from 0. 37 to 2.83 in chronic stroke patients. Both Hawkins et al. (1981) and Heiss et ai. (1985) re ported a decrease in the rate constants in chronic stroke patients.
The changes in the LC and rate constants in cere bral ischemia have not been assessed as a function of time after ischemic attack. A knowledge of time dependent changes of the LC and transfer constant is required if we are to better understand the glu cose metabolism in the brain after ischemic onset. Thus, this article outlines a method for simulta neous measurement of the LC and transfer con-stants in the same animal with a middle cerebral ar tery (MeA) occlusion model using [18F]2-fluoro-2-deoxY-D-glucose ([18F]2-FDG) (Nakai et aI., 1987) . The method makes it possible to investigate simul taneously, time dependent changes of the LC and transfer constants in cerebral ischemia (Nakai et aI., 1987) .
In this article, the measurements of LC and transfer rate constants in an MeA-occluded cat are reported. The changes in the LC and rate constants were evaluated at various times after MeA occlu sion.
MATERIALS AND METHODS

Theory
Kinetic rate constants. Equations describing the relation ship between tracer accumulation in the brain tissue, the rate constants, and glucose utilization were described in detail by Sokoloff et al. (1977) and extended by Phelps et al. (1979) to account for a small, but in longer experi ments significant, dephosphorylation of deoxyglucose 6phosphate. Complete derivations and explanations of the model equations used in this study can be found in these published articles.
The total amount of a glucose analogue accumulated in the brain tissue, assuming kS = 0, is described by the function q (t), derived by Sokoloff et al. (1977) and Phelps et al. (1979) : 
where x denotes the operation of convolution. Knowl edge of the time course of the tissue and arterial plasma radioactivity permits calculation of the rate constants using Eq. I. When the brain tissue radioactivity is measured by ex ternal coincidence counting without removing the skull, the effect of extracerebral radioactivity (e. g. , vascular compartment such as diploic vein, dural vessels, and cor tical vessels) must be considered. Ta king into account the extracerebral radioactivity, the following equation for ex ternal coincidence counting was derived:
where Hcts represents the head coincidence counts (number of coincidences), Vr is the vascular fraction in the extracerebral tissue, and M (number of coincidencesl CPM/g) is the cross-calibration factor between the coinci dence detector system and the well counter used for the blood sample radioactivity measurements. Since MVf C� (t) is considered to be constant when C� (t) is maintained constant (C�) (Patlak and Pettigrew, 1976) , then MVr C� can be subtracted from the total radioactivity measured by detectors. The cross-calibration factor was found to be 1.5 times 10-3 (details are given elsewhere by Nakai et aI. , 1987) .
Substituting Eq. 1 into Eq. 2, results in:
Equation 3 was used as the operational equation to calcu late the rate constants (kt, k!, kj). All integrals were cal culated by numerical integration using a cubic spline ap proximation for the plasma curve [adaptive quadrature routine QUANC 8 (Forsythe et aI. , 1977) ].
LC. A relation between the ratios of the extraction
fractions for glucose and a glucose tracer was derived by Sokoloff et al. (1977) :
Substituting analytical expressions for dq (t)ldt, q (t), and CE as derived by Phelps et al. (1979) into Eq. 4 and rearranging gives (Matsuda et aI, 1987) :
where LC is the lumped constant, t is the various times after injection at which arterial and venous samples
Substituting kS equals 0, Eq. 5 becomes:
This equation was used as the operational equation in fitting extraction ratios (Sokoloff et aI, 1977) in the calcu lation of k!, kj, and LC. Experimental values of get) were fitted by a nonweighted, nonlinear, least squares routine to Eq. 6.
A computer-controlled infusion as described by Patlak and Pettigrew (1976) was used to maintain the arterial plasma concentration of [ I SF]2-FDG constant for a period of 45 min. Since occasionally there were problems in maintaining the arterial plasma concentration constant for the entire experimental period, equations applied to the general case for the determination of the LC and the rate constants were used (Eqs. 3 and 6) rather than the original equation of Sokoloff et al. (1977) .
Radiopharmaceuticals.
[3H]-2-deoxy-n-I-glucose ([3H]DG, specific activity 15 Ci/mmol) was obtained from the Amersham Corporation and ['sF]2-FDG (specific ac tivity 680 mCi/mmol) was prepared in the Medical Cyclo tron Unit of the Montreal Neurological Institute using the method described in detail elsewhere (Diksic and Jolly, 1986) .
LC and rate constant measurements. Five groups of cats (sham-operated, I-h occlusion, 2-h occlusion, 4-h occlusion, and 16-h occlusion), of either sex, weighing between 3. 6 kg and 4.2 kg, were used in this study. The five groups comprised from 11, 5, 2, 5, and 4 cats, respec-
tively. The technical details are given in Nakai et al.. 1987 ; only a brief description will be given here.
Using the transorbital approach (O'Brien and Waltz, 1973) , both MCA's were occluded by Zen clips (Ohwa Tsucho Ltd, To kyo). A microcomputer-controlled Har vard peristaltic pump (No. 52-1351, Harvard Bioscience) was used to obtain constant plasma concentration of [18F12-FDG. The infusion schedule used to obtain a con stant concentration of the tracer was derived as described by Patlak and Pettigrew (1976) .
The radioactivity in the MCA region was monitored by a pair of external coincidence NaI(Tl) detectors (Fig.   I ). The detector pair was positioned to detect radioac tivity mainly in the territory of the MCA, with minimum contaminating signals from the extracerebral tissue, using 7 x 20 mm rectangular zones marked on the exposed skull of the animals. A perpendicular line was drawn from the most caudal and superior margin of the zygo matic arch to the midline of the vertex. Against this per pendicular line, a horizontal line was drawn 1 cm cau dally and rostrally parallel to the zygomatic arch just 2 cm above the superior margin of the zygomatic arch. The 7 x 20 mm rectangular zone was marked just above the horizontal line. Cerebral venous blood was sampled through a small polyethylene tube inserted anteriorly 0.5 cm from the midline of the parietal region into the supe rior sagittal sinus to obtain mainly cerebral venous blood from the territories of middle and anterior cerebral ar teries.
Cerebral blood flow (CBF) measurement. In some an imals the degree of ischemia produced by occluding the MCA with a Zen clip was assessed by measuring CBF by the 133Xe washout technique (lngvar and Lassen, 1962; Lassen and H¢edt-Rasmussen, 1966 ; H¢edt-Rasmussen, 1967). The area of the brain in which blood flow was measured approximately corresponded to the area moni tored in the [18F]2-FDG study. The brain radioactivity was measured sequentially with the same two detectors later used in the [18F12-FDG study for coincidence counting. One millicurie of 133Xe dissolved in 1 ml of physiological saline solution was rapidly injected into a catheter inserted in retrograde fashion into the lingual ar tery. Tissue radioactivity was recorded for 10 to 15 min after each injection. Regional CBF (rCBF) values were calculated from the 133Xe clearance curve according to a modification of the height over area method (Yamamoto et aI., 1971) .
RESULTS
Physiological variables
Physiological variables of animals used in this study are given in Ta ble 1. The parameters did not differ significantly from one group of animals to an other (i.e., sham-operated group vs. various times after occlusion groups).
Variation in the q of tracer
The arterial plasma concentration of [18P]2-PDG tracer was maintained constant during the first 45 min (Patlak & Pettigrew, 1976) . The coefficient of variation of the arterial plasma [18P]2-PDG concen trations (expressed in percentages) was 8.93 ± 2.22 (n = 11) in the sham-operated group, 8.53 ± 1.58 (n = 5) in the I-h occlusion group, 6.25 (mean, n = 2) in the 2-h occlusion group, 7.88 ± 1.60 (n = 5) in the 4-h occlusion group, and 8.83 ± 1.83 (n = 4) in the 16-h occlusion group. The coefficient of varia tion was defined as the largeness of the standard deviation (SD) from the mean, in other words, the size of variation from the mean. The same principle was used by Reivich et al. (1985) to describe the extent to which a plateau in a constant infusion protocol was actually achieved.
Variation in the cerebral ischemia after MCA occlusion rCBP studies by 133Xe clearance method were done before and after bilateral MCA occlusion in some cases of the MCA-occlusion group. After bi lateral MCA occlusion, rCBP in the detecting areas was reduced between 40 and 56%. Namely, rCBP was 37.85 ± 3.39 ml/lOO g/min (n = 8) before bilat eral MCA occlusion and 21.07 ± 2.64 mlilOO g/min (n = 18) after bilateral MCA occlusion. This flow is of collateral origin from the anterior and posterior cerebral territory (Tamura et aI., 198 1; Yamori et aI., 1976) . There was no significant difference in the reduction of rCBP between 1, 4, and 16 h after oc clusion.
Kinetic constants
In the sham-operated group, rate constants k� and k� were estimated by using Eq. 3, external co- incidence measurements data, and also by Eq. 6 and the ratios of the extraction fractions of glucose and [l8F]2-FDG. A comparison between rate con stants obtained from these two approaches is given in Ta ble 2. There was no significant difference be tween k! and k! estimated from Eq. 3 and those estimated from Eq. 6. This indicates that kinetic constants measured by the external coincidence counting method gave results comparable to those obtained from the ratio of extraction fractions of glucose and [18F]2-FDG. Based on this evidence, the use of k! and k! estimated from the external coincidence counting for the evaluation of the changes in these constants in the MCA occlusion group was assumed to be justified.
Representative examples of head coincidence counts (HCC), obtained in a control (sham-oper ated) animal, at 1, 4, and 16 h after occlusion, are shown in Figure 2A 
LC
The extraction fractions for 2-FDG and glucose in the sham-operated group are quite different from those in the 4-h ( Fig. 3A and B) . . ..
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. .. . in the LC occurred between 1 and 4 h after occlu sion (55% lower than in the 1-h occlusion). This change in the LC is paralleled by the change in the extraction fractions (Table 3 ). There is no signifi cant difference of the LC values between the 4-h and 16-h occlusion group. The time-dependent change of LC is graphically presented in Figure 4 .
DISCUSSION
The external coincidence counting technique was recently applied in our laboratory to measure rate constants and LC in ischemic cat brain (Nakai et aI., 1987) . In this present study, the LC was mea sured using the ratio of extraction fractions of glu- and by external coincidence counting gave informa tion on the kinetic behavior in the brain tissue equivalent to that "seen" by coincidence de tectors. The portion of the cat brain consisted mostly of gray matter, which has substantially higher glucose utilization than white matter. There fore, an assumption that the tissue is homogeneous with respect to the kinetics of [18P]2-PDG is a very good approximation. Most extracerebral radioactivity was removed from the field of view by resection of the temporal muscles; however, a portion of the extracerebral radioactivity from the skull (particularly from the diploic vein) and the dura could not be excluded from the field of view. To exclude experimental error, correction for the Vf in the extracerebral tissue was therefore made in Eq. 3.
Special attention was given to the proper anatom ical positioning of the cat brain between the pair of external coincidence detectors in an attempt to an alyze the same part of the brain described in the methodology section. The evidence of a decrease in the rCBP after the bilateral MCA occlusion was taken as proof that the MCA territories were mea sured by the external coincidence counting.
Although the C: of [18F]2-FDG was kept con stant in this study, it was impossible to do so from time zero. Since this introduces a rather large ex perimental error in estimation of k� and k! using Sokoloff's original equation (Sokoloff et aI., 1977) , equations were derived for determination of the LC and rate constants that did not require C � (t) being constant (Eqs. 3 and 6) (Matsuda et aI., 1987) . Both the LC and rate constants were estimated using a nonlinear, least-squares fitting method.
Rate constants
The rate constants kj, k�, and k! characterize the carrier-mediated transport of [18F]2_ FDG from plasma to tissue, from tissue to plasma, and the rate of phosphorylation by hexokinase, respec tively. The results of this study (Table 3 , slopes and intercepts in Fig. 2A-D) suggest a difference in the vulnerability of the rate constants after MCA oc clusion. Among the rate constants, k! was most rapidly affected. A significant change in k! oc curred within 1 h of the MCA occlusion, and no significant change occurred thereafter. As k! repre sents the rate of phosphorylation by hexokinase which requires an energy-rich phosphate reserve (ATP) (Siesj6, 1978) , such an early change of k! 1 h after occlusion can be expected since there is rapid depletion of ATP in cerebral ischemia (Lowry et aI., 1964; Michenfelder and Sundt, 197 1; Ljuggren et aI., 1974) . Although both kj and k� represent the carrier-mediated transport at the blood-brain bar rier (BBB), they showed very different changes after occlusion. By 4 h after occlusion, kj had de creased significantly and showed no significant de crease thereafter. In contrast, k� did not change significantly up to 4 h after occlusion. However, it decreased significantly in the 16 h following occlu sion. Since glucose is transported to the brain by a saturable facilitated transport mechanism rather than by active transport (Buschiazzo et aI., 1970; Cutler and Sipe, 197 1; Yudilevich and De Rose, 197 1; Betz et aI., 1973; Fishman, 1973) , energy is not required for the transport. The results of this study ( Table 3 ) also suggest that the transport system from the brain tissue to the plasma is less sensitive than the transport system from the plasma to the brain tissue. Hawkins et al. (198 1) found in their PET study of chronic stroke patients that the rate constants were generally lower in the ischemic regions than in the homologous regions of the contralateral hemi sphere. In the severely ischemic group they re ported kj as being 63% lower; k�, 35% lower; and k!, 48% lower in the ischemic region than in the contralateral hemisphere (Hawkins et aI., 1981) . In J Cereb Blood Flow Metab, Vol. 7, No. 5, 1987 comparison, Heiss et ai. (1985) in their PET study of chronic stroke patients reported k! and kj as being much more affected than k� (k! was 38% lower; kj, 36% lower; and k�, 3.3% lower in the ischemic tissue than in the contralateral hemi sphere). In this study in a 16-h occlusion group (Table 3 ) kj was 35% lower; k�, 26% lower; and k!, 38% lower than in the sham-operation group. These results (Table 3) show that the change in the rate constants in cerebral ischemia are compatible with those reported previously (Hawkins et aI., 198 1; Heiss et aI., 1985) .
LC
The LC represents the ratio of arteriovenous ex traction fractions of [l8F]2-FDG to that of glucose under steady-state conditions. In contrast to the decrease of the rate constants after occlusion, the LC increased (see Ta ble 3). Significant increase in the LC occurred between 1 and 4 h of occlusion; no significant change occurred thereafter. Ginsberg and Reivich (1979) measured the LC in diffuse cere bral ischemia with unspecified duration and re ported an increase of 2.4 times the mean control value.
Why does the significant change of the LC in ischemic tissue occur after the significant change of kF The LC is composed of six separate constants: LC = X. V� Km/(0V mk�). Since X. is equal to the ratio of the distribution volumes for FDG and glucose in the tissue and (V� Km)/(V mK�) is equal to k!lk3' LC can be expressed as (110) (kjlk1) (k!lk3) (k2 + k3)/(k� + k!). In pathological conditions tissue damage may disrupt the normal cellular compartmentation, and it cannot be assumed that the ratio of the distri bution volume for deoxyglucose and glucose is the same in damaged and normal tissue. Sokoloff et ai. (1979) postulated that there may be release of lyso somal acid hydrolases that may hydrolyze glucose-6-phosphate and alter the value of 0 causing a change in the LC in ischemic tissue. Gjedde et ai. (1985) reported that a change in the ratio of distri bution volume influences the LC more than any other factor in chronic stroke patients. Although there is an evident difference in the extraction frac tions between the sham-operated and the 4-h occlu sion groups (Fig. 3A and B) , and a significant de crease in kj and k! in the 4-h occlusion group (Table   3 ) as obtained in this study, there is no significant change in the distribution volume for [l8F]2-FDG in each group in this study. Therefore, the mechanism of the significant change of the LC in ischemic tissue is still not clearly understood.
Since all rate constants and LCs were measured in this experiment, the cerebral glucose utilization
